Introduction
In various heat transfer devices, optimization of wall heat transfer is a key requirement to make the devices more compact or effective. The use of the surface protuberances is a passive heat transfer augmentation method and is based on developing boundary layers or streamwise fluctuations, creating swirl or vortices and flow destabilization or turbulence intensification . One typical technique is to use corrugations (waves) on the wall. Providing considerable heat transfer enhancement with a relatively low pressure drop as well as the simplicity of the manufacture method make these geometries more attractive than other passive enhancement methods such as ribs or vortex generators. The periodic changes of pressure gradient and the streamline curvature effects produce turbulence structures. The corrugated wall enhances heat transfer by destroying or decreasing the thermal boundary layer thickness and increasing the bulk flow mixing . The recirculating bubble in the wavy part of the channel and the separated shear layer formed above the separation point raise the turbulence intensity near the wall. The corrugated channels can be considered to be fully corrugated (fully-wavy or sinusoidal) or half corrugated channels. In a fully corrugated channel, the corrugation is applied to the entire channel length whereas in a half corrugated channel, part of the channel is corrugated and part of it remains smooth (see figure 1) . The half corrugated channel is chosen as the geometry in the present study (referred to as the wavy channel).
Various studies have been conducted on turbulent flow over the fully corrugated walls [1] - [5] . Hudson et al. (1996) [1] , Cherukat et al. (1998) [2] and Choi et al. (2005) [3] studied the turbulent flow in a fully wavy channel with experimental, Direct Numerical Simulation (DN S) and Large Eddy Simulation (LES) methods, respectively. They provided an extensive study of different turbulent flow characteristics such as Reynolds shear stress, turbulent intensities and turbulence production over a wave with a wave amplitude to wave length ratio of 0.05. Calhoun et al. (2001) [4] , Dellil et al. (2004) [5] and Yoon et al. (2009) [6] carried out numerical investigations of the effect of the wave amplitude in a fully wavy channel. They used different wave amplitude to wave length ratios and compared the turbulent flow patterns, the location of the separation and reattachment points and the mean distributions of heat transfer and pressure drop along the channel. As it has been mentioned in the literature review, most of the previous studies have been concentrated on the flow in a fully wavy channels, whereas in the present study a half corrugated channel is considered as the computational domain (see figure 1 ). Comparing the results of both geometries, some similarities and differences can be identified. For the wavy channels with identical wave amplitudes (fully and half corrugated), a small bubble appears at the bottom of the wave, where its location is nearly the same for both cases. In both cases, the peak values of the averaged Nusselt number and friction coefficient distributions occur around the separation and reattachment points. However, in half corrugated channel (the present study), due to the presence of the smooth part of the channel after the wave, the boundary layer formed after the reattachment point continues downstream of the wave, while for the fully wavy channel the boundary layer continues only until the next wave. The available studies concentrated mainly on the investigation of turbulent flow field whereas the present study pays detailed attention to both turbulent flow and temperature fields. We aim here to provide insight into the characteristics of the flow and heat transfer in a wavy channel by using Large eddy simulation (LES) and Direct Numerical Simulation (DN S). This study particularly discusses the variation of the temperature and velocity boundary layers for two different Prandtl numbers and their effects on the heat transfer.
The results are also compared with the plane channel flow.
The paper is organized as follows. A presentation of the numerical method, boundary conditions, the turbulence modelling, the computational domain and the grid is given in section 2. Section 3 is devoted to a description of the results including an analysis of the global, time-averaged and instantaneous results for both plane and wavy channels. Some conclusions are drawn in the final section.
The modeling methodology
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2 The modeling methodology
Governing equations
The Navier-Stokes and energy equations for an incompressible viscous flow read:
x 1 , x 2 ,x 3 (x, y, z) denote the Cartesian coordinate system, where the x 1 axis is aligned with the flow direction, the x 2 axis is the wall-normal direction and the x 3 axis is the spanwise direction. δ 1i is the streamwise component of Kronecker delta.
The periodic boundary condition is employed in the streamwise and spanwise For the wavy channel, the symmetry boundary condition is used for the upper wall and the no-slip condition and uniform heat flux are employed for the lower wall. For the plane channel, the no-slip condition and uniform heat flux are applied at both the upper and lower walls.
Model description
The present study uses the WALE turbulence model [8] as the subgrid scale model which reads:
where C s = 0.325,ḡ ij is the velocity gradient tensor and s d ij is the traceless symmetric part of the square of velocity gradient tensor.
Numerical method
An incompressible finite volume code based on an implicit, fractional step technique with a multigrid pressure Poisson solver and a non-staggered grid arrangement is employed [9] . The second order Crank-Nicolson scheme is used for time discretization. The spatial discretization is based on the second-order central differencing scheme.
Computational domain and grid influence
The original domain is introduced as a periodic corrugated channel. To reduce computational costs, only one pitch of the domain is regarded as the computational domain. A two-dimensional schematic view (in the x − y plane) of the three-dimensional computational domain and the corresponding geometrical parameters are displayed in figure 1 and table 1, respectively. The shape of the lower wall in the wavy part is given by y = −a exp(−((7x
where a = 0.14, for four grids at P r = 0.71. These results also reveal that the effect of using different grids is small. In grid 4, the grid resolution is the same as in grid 2 but considering two pitches as the computational domain and, as seen, the results are very close. Hence, one pitch is chosen for the computational domain.
Grid 3 is selected as the computational grid at P r = 0.71. and ∆y = 0.025 for grids 3 and 5, respectively. Good agreement is observed between the grids 3 and 5 with less than 3% differences in major parts with a maximum difference of 15% occurring at the location of peak N u number. Grid 5 is selected as the computational grid for P r = 3.5. As mentioned above, the flow is assumed to be periodic in both the x and z directions. Thus, the extent of the domain in the streamwise and spanwise directions should be chosen to be sufficiently large so that the spatial correlation of the velocity fluctuations drop to values close to zero. This indicates that the largest scales of turbulent structures are not affected by the finite domain size. Figure 6 presents the spanwise two point correlation, which is defined [7] shows good agreement. In the smooth part of the channel, x > 1.7, both the N u and C f distributions become almost constant and slightly larger than those for the plane channel (7% and 13% percent for P r = 0.71 and 3.5, respectively). Beside the variations of the velocity and temperature boundary layers, different turbulent characteristics also affect the heat transfer (or N u ) and pressure drop (or C f ). Now the questions arise which of these parameters are more effective and whether these effects are the same for the two Prandtl numbers.
To respond to these questions, a detailed investigation of the flow and thermal patterns in different parts of the channel will be described in the next sections. 
Flow field characterizations
′ is calculated in a s−n coordinate system aligned with the wall [1] . In the present study, the shear stresses were transformed to the s−n coordinate system but no significant difference was observed. transfer and the corresponding heat transfer production ( P 2T ) at P r = 3.5, respectively. The wall normal heat transfer production is calculated as:
Thermal field characterization
As can be seen in figure 22 , a high turbulent heat transfer region is identified around the separation point, which is related to the detached shear layer at this where the thermal boundary layer has its minimum thickness; the thermal turbulent production is very small at this streamwise location.
5. The resolved shear stress, u ′ v ′ , is -as expected -negative in the major part of the domain. However, small regions of positive resolved shear stress are found. In the literature it is argued that also in these regions it stays negative when transformed to a s − n coordinate system aligned with the corrugated wall. In the present work it is shown that also in this coordinate system the resolved shear stress is positive.
6. It is found that the positive resolved shear stress is created by the pressurestrain term in the transport equation for u ′ v ′ .
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Kawamura et al. [7] 258 × 130 × 258 17.7 14000 6.39 × 10 −3 37.5 Table 3 : DNS results of mean flow variables for the present study and Kawamura et al. [7] at Re τ = 395 Probability density function (P DF ) at P r = 3.5
